Chen SC, Khanna RS, Bessette DC, Samayawardhena LA, Pallen CJ. Protein tyrosine phosphatase-␣ complexes with the IGF-I receptor and undergoes IGF-I-stimulated tyrosine phosphorylation that mediates cell migration. Am J Physiol Cell Physiol 297: C133-C139, 2009. First published May 6, 2009 doi:10.1152/ajpcell.00110.2009.-Protein tyrosine phosphatase-␣ (PTP␣) is a widely expressed receptor-type phosphatase that functions in multiple signaling systems. The actions of PTP␣ can be regulated by its phosphorylation on serine and tyrosine residues, although little is known about the conditions that promote PTP␣ phosphorylation. In this study, we tested the ability of several extracellular factors to stimulate PTP␣ tyrosine phosphorylation. The growth factors IGF-I and acidic FGF induced the highest increase in PTP␣ phosphorylation at tyrosine 789, followed by PMA and lysophosphatidic acid, while EGF had little effect. Further investigation of IGF-I-induced PTP␣ tyrosine phosphorylation demonstrated that this occurs through a novel Src family kinase-independent mechanism that does not require focal adhesion kinase, phosphatidylinositol 3-kinase, or MEK. We also show that PTP␣ physically interacts with the IGF-I receptor. In contrast to IGF-I-induced PTP␣ phosphorylation, this association does not require IGF-I. The interaction of PTP␣ and the IGF-I receptor is independent of PTP␣ catalytic activity, and expression of exogenous PTP␣ does not promote IGF-I receptor tyrosine dephosphorylation, indicating that PTP␣ does not act as an IGF-I receptor phosphatase. However, PTP␣ mediates IGF-I signaling, because IGF-I-stimulated fibroblast migration was reduced by ϳ50% in cells lacking PTP␣ or in cells with mutant PTP␣ lacking the tyrosine 789 phosphorylation site. Our results suggest that PTP␣ tyrosine phosphorylation can occur in response to diverse stimuli and can be mediated by various tyrosine kinases. In the case of IGF-I, we propose that IGF-I-induced tyrosine 789 phosphorylation of PTP␣, possibly catalyzed by the PTP␣-associated IGF-I receptor tyrosine kinase, is required for efficient cell migration in response to this growth factor. insulin-like growth factor I REVERSIBLE PROTEIN TYROSINE phosphorylation is a prominent regulatory mechanism that determines the activity and/or association of signaling proteins that participate in most cell processes. It is catalyzed by protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs). PTK-mediated tyrosine phosphorylation is generally an activating event in signaling pathways, and it is apparent that intertwined PTPmediated protein dephosphorylation events are also required for signal transduction and propagation (26).
mediated protein dephosphorylation events are also required for signal transduction and propagation (26) .
Receptor-like protein tyrosine phosphatase-␣ (PTP␣) is a widely expressed transmembrane enzyme that promotes early events in numerous signaling systems. The major substrates of PTP␣ are the Src family kinases (SFKs) (19) . PTP␣ dephosphorylates the inhibitory COOH-terminal tyrosine residue in SFKs such as Src and Fyn, resulting in their activation (8, 20, 23, 36) .
PTP␣ acts proximal to diverse types of receptors, such as the integrins (23, 32) , the stem cell factor receptor c-Kit (21) , and the neural recognition molecules contactin (31) , NCAM140 (4), CHL1, and NB-3 (30) . Stimulation of these receptors promotes PTP␣-catalyzed SFK dephosphorylation and activation. PTP␣-deficient cells or cells expressing a dominantnegative form of PTP␣ exhibit impaired integrin-or c-Kitinduced signaling and migration (21, 23, 29, 32) , or disrupted NCAM140-induced neurite outgrowth (4) . The mechanisms that regulate PTP␣ activity in these signaling pathways are mostly unclear. In neural cells, antibody-mediated clustering of contactin, NCAM140, CHL1, or NB-3 induces the co-clustering of PTP␣ with these receptors and enhances Fyn dephosphorylation (4, 30, 31) , suggesting that physical interactions can promote the relocalization of PTP␣ and increase the accessibility of the substrate SFKs. Indeed, stimulation of NCAM140 recruits PTP␣ to lipid rafts where it can activate Fyn (4) . Recently, it has been found that NCAM140 clustering not only relocalizes PTP␣, but increases PTP␣ activity through the NCAM140-induced activation of calmodulin-dependent protein kinase II (CaMKII␣) and the CaMKII␣-catalyzed serine phosphorylation of PTP␣ (5) .
In addition to the two serine phosphorylation sites (Ser180 and Ser204) in the juxtamembrane intracellular region of PTP␣ (27) , ϳ20% of cellular PTP␣ is constitutively phosphorylated at a tyrosine residue in the COOH-terminal tail, Tyr789 (9, 22) . Although the tyrosine phosphorylation of PTP␣ does not alter its activity (24, 34) , it is required for PTP␣ to dephosphorylate Src in mitosis (34) . A displacement model has been proposed to underlie the mitotic activation of Src, whereby the Src homology 2 (SH2) domain of Src binds to phospho-Tyr789 of PTP␣, displacing the normally SH2-bound phosphotyrosyl tail region of Src and leading to its subsequent dephosphorylation by the Src-associated PTP␣ (34) . Serine phosphorylation of PTP␣ is required for its mitotic activation and the PTP␣-phospho-Tyr789-dependent binding and activation of Src (33, 35) .
The first example of a ligand-induced increase in PTP␣ Tyr789 phosphorylation was reported to occur in fibroblast integrin signaling, where the integrin ligand fibronectin stimulated a pronounced increase in PTP␣ phosphorylation (7) . However, unlike mitosis, this phosphorylation of PTP␣ Tyr789 is not required for PTP␣ to dephosphorylate and activate Src or Fyn. Instead, integrin activation induces PTP␣-mediated dephosphorylation of Src and Fyn in a manner independent of PTP␣ tyrosine phosphorylation. The activated Src/Fyn, in conjunction with focal adhesion kinase (FAK), then phosphorylates PTP␣ at Tyr789. This Tyr789 phosphorylation is required for PTP␣ to promote undefined downstream events in integrin signaling that are key for cell migration (7) . In T cells, PTP␣ Tyr789 phosphorylation is also upregulated by SFKs (18) . In these cells, the tyrosine phosphorylation status of PTP␣ modulates its ability to regulate dephosphorylation of the SFK Fyn, and to function in T cell receptor signaling and CD44-mediated T cell spreading (18) .
Given that the tyrosine phosphorylation of PTP␣ can regulate its function in the above pathways, we investigated whether other extracellular factors that activate receptor-based signaling pathways can stimulate the phosphorylation of PTP␣ Tyr789. We find that the growth factors IGF-I and acidic FGF (aFGF), as well as PMA and lysophosphatidic acid (LPA), can induce up to a twofold increase in Tyr789 phosphorylation. Furthermore, while integrin-induced tyrosine phosphorylation of PTP␣ is SFK and FAK dependent (7), IGF-I-induced tyrosine phosphorylation of PTP␣ is independent of these tyrosine kinases. We report for the first time that the IGF-I receptor (IGF-IR) is found in a complex with PTP␣, and show that IGF-I-stimulated PTP␣ phosphorylation plays a role in IGF-I-mediated cell migration. We propose that the receptor itself may phosphorylate PTP␣ to mediate some of the effects of IGF-I in promoting cell migration.
MATERIALS AND METHODS

Cells. PTP␣-null (PTP␣
Ϫ/Ϫ ) and wild-type (PTP␣ ϩ/ϩ ) mouse embryo fibroblasts (MEFs) have been described previously (7 Antibodies and reagents. Antibodies to PTP␣ and to phosphoTyr789-PTP␣ have been described previously (7) . Antibodies to phosphotyrosine (4G10), phospho-Ser473-Akt, and Akt were from Upstate Biotechnology; antibody to the EGF receptor was from Stressgen Bioreagents; antibody to IGF-IR␤ and protein A/G Plus agarose beads were from Santa Cruz Biotechnology; antibodies to phospho-p44/42 MAPK, MAPK, monoclonal anti-vesicular stomatitis virus glycoprotein (VSVG)-agarose beads, and LY-294002 were from Cell Signaling Technology; EGF, aFGF, PMA, LPA, human recombinant IGF-I, and PD-098059 were from Sigma. The SU-6656 was from EMD Biosciences.
Plasmids and transient transfection. The plasmids expressing VSVG-tagged wild-type and mutant (C433/723S) PTP␣ have been described previously (1) . The SYF cells were transfected (5 g DNA/10-cm dish) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions and, after 5 h incubation, were maintained for 24 h in full medium.
Cell stimulation and lysis. Cells were maintained for 18 -20 h in medium without serum before stimulation. In some experiments, the cells were pretreated for 1 h with 2 M SU-6656, or with 20 M PD-098059 or 20 M LY-294002 in serum-free medium. Cells were then stimulated for various times with 100 ng/ml IGF-I, EGF, or aFGF; or with 150 nM PMA or 10 M LPA. Cells were lysed in 50 mM Tris ⅐ HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% (vol/vol) Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM Na3VO4, 1 mM PMSF, 10 g/ml leupeptin, and 10 g/ml aprotinin, and the lysates were used for immunoprobing. For immunoprecipitation experiments, cells were lysed in the above buffer lacking sodium deoxycholate and SDS. Migration assays. Cells were serum starved overnight, then trypsinized and resuspended in serum-free DMEM with 0.5% BSA. The cells (8 ϫ 10 4 /100 l) were placed in a Transwell insert (8.0 m polycarbonate membrane, with the underside coated with 10 g/ml fibronectin) in a well containing DMEM, 0.5% BSA, and with or without 100 ng/ml IGF-I. After 90 min of incubation at 37°C, cells on the upper side of the membrane were removed by wiping with a cotton bud, and the cells on the bottom side of the membrane were fixed in methanol for 30 min at 4°C and stained with Giemsa solution. The stained cells were visualized using a light microscope (Leica DM400B with Q-Imaging Retiga 1300I camera, ϫ40 magnification), and the cells per field were counted.
Statistical analysis. The statistical significance between data sets was determined using the Student's t-test.
RESULTS
IGF-I, but not EGF, stimulates PTP␣-Tyr789 phosphorylation in MEFs.
PTP␣ undergoes phosphorylation at Tyr789 in response to fibronectin-induced integrin stimulation (7) . To determine whether the activation of other signaling pathways induces the phosphorylation of PTP␣-Tyr789, MEFs were serum starved and treated with several extracellular activators of cellular signaling, including the growth factors EGF and IGF-I that activate receptor tyrosine kinases. Treatment with EGF for up to 30 min did not stimulate a detectable increase in PTP␣-Tyr789 phosphorylation (Fig. 1A) . However, treatment with IGF-I induced a rapid increase in PTP␣ phospho-Tyr789 that was detectable at 2 min and sustained for up to 30 min (Fig. 1A) . The MEFs expressed the EGF and IGF-I receptor tyrosine kinases (Fig. 1A) , and the functional actions of EGF and IGF-I on the cells were confirmed by immunoblotting cell lysates for ERK1/2 phosphorylation/activation (Fig. 1A) . IGF-I-stimulated phosphorylation of PTP␣ at Tyr789 was quantified from the results of several experiments and was found to increase to a maximum of 1.4-fold at 2 min of IGF-I stimulation (Fig. 1B) , a time at which ERK1/2 activation was only slightly induced (Fig. 1A) .
The phospho-Tyr789 antibody also recognized a band of ϳ175 kDa that appeared on IGF-I treatment (Fig. 1A , top, indicated by arrowhead). This was confirmed to not be a form of PTP␣, because it was also detectable in IGF-I-stimulated PTP␣-deficient (PTP␣ Ϫ/Ϫ ) MEFs (Fig. 1C) . However, the identity of this immunoreactive band has yet to be determined.
The factors aFGF, LPA, and PMA were also tested for the ability to stimulate PTP␣ Tyr789 phosphorylation in MEFs. A previous study has demonstrated that MEFs express FGF receptor 1 and are responsive to aFGF (14) . Stimulation of the cells with aFGF did not significantly alter PTP␣ Tyr789 phosphorylation, whereas it rapidly induced ERK1/2 activation (Fig. 1D) . Similarly, stimulation of the cells with the PKC activator PMA, or with LPA, a bioactive lysophospholipid mediator for G protein-coupled receptors, induced no change in PTP␣ Tyr789 phosphorylation level (Fig. 1D) .
IGF-I-stimulated PTP␣-Tyr789 phosphorylation is SFK and FAK independent.
Integrin-stimulated phosphorylation of PTP␣ at Tyr789 requires SFKs and FAK and does not occur in MEFs lacking Src, Fyn, and Yes (SYF cells) or FAK (7) . To determine whether IGF-I-induced PTP␣ tyrosine phosphorylation was SFK dependent, serum-starved SYF cells were treated (SYF) and wild-type (MEF) fibroblasts were serum starved (0 min) and then stimulated with 100 ng/ml IGF-I for 2 min. The cell lysates were immunoblotted with phosphosite-specific PTP␣ Y789 antibody (top) and with PTP␣ antibody (bottom). B: wild-type (FAK ϩ/ϩ ) and FAK Ϫ/Ϫ fibroblasts were serum starved (0 min) and then stimulated with 100 ng/ml IGF-I for 10 min. The cell lysates were immunoblotted with phosphosite-specific PTP␣ Y789 antibody followed by PTP␣ antibody (top two panels) or with phospho-ERK antibody followed by ERK antibody (bottom two panels). The arrow indicates PTP␣, and the arrowhead indicates a reactive 175-kDa band. A: SYF fibroblasts were serum starved (0 min) and then stimulated with 100 ng/ml IGF-I, EGF, or aFGF, or with 150 nM PMA or 10 M LPA for 10 min. The cell lysates were immunoblotted with phosphosite-specific PTP␣ Y789 antibody followed by PTP␣ antibody (top two panels) or with phospho-ERK antibody followed by ERK antibody (bottom two panels). In the top panel, the arrow indicates PTP␣, and the arrowhead indicates a reactive 175-kDa band. B: PTP␣ Y789 phosphorylation was determined from three independent experiments as in A. The arbitrary densitometric units of PTP␣ phospho-Y789 per amount of PTP␣ were determined, with that from serum-starved cells taken as 1.0 and those from IGF-I-, EGF-, aFGF-, LPA-, or PMA-treated cells determined relative to that. Data are shown as means Ϯ SD. *Significant difference (P Ͻ 0.05) from serum-starved, untreated cells.
with IGF-I. Despite the lack of the kinases Src, Fyn, and Yes, the stimulation of the SYF cells with IGF-I resulted in an increase in PTP␣-Tyr789 phosphorylation (Fig. 2A) . The level of PTP␣-Tyr789 phosphorylation observed on IGF-I treatment was similar in the SYF and wild-type MEFs (Fig. 2A) . To determine whether FAK was necessary for IGF-I-stimulated PTP␣ Tyr789 phosphorylation, wild-type and FAK-deficient MEFs were serum starved and treated with IGF-I. As observed with SYF cells, IGF-I treatment of FAK Ϫ/Ϫ cells induced a readily apparent increase in PTP␣ Tyr789 phosphorylation that reached a level equivalent to that detected in wild-type cells (Fig. 2B) . Thus, IGF-I-stimulated PTP␣ phosphorylation does not require Src, Yes, Fyn, or FAK. In both the unstimulated SYF cells and the FAK Ϫ/Ϫ cells, the PTP␣ Tyr789 phosphor- The cell lysates were immunoblotted with phosphosite-specific PTP␣ Y789 antibody followed by PTP␣ antibody (top two panels), with phospho-ERK antibody followed by ERK antibody (middle two panels), and with phospho-Akt antibody followed by Akt antibody (bottom two panels).
ylation was much lower than that in the wild-type (PTP␣ ϩ/ϩ and FAK ϩ/ϩ ) cells (Fig. 2, A and B) . This suggests a role of SFKs and FAK in regulating the basal level of PTP␣ phosphorylation.
PTP␣-Tyr789 phosphorylation is stimulated by IGF-I, aFGF, LPA, and PMA in SYF cells. The reduced basal PTP␣ Tyr789 phosphorylation in SYF cells allows a higher and more readily detectable increase in PTP␣ phosphorylation in response to IGF-I. Thus the SYF cells were used to reinvestigate the regulation of PTP␣-Tyr789 phosphorylation by EGF, aFGF, LPA, and PMA. Serum-starved SYF cells were treated with IGF-I, EGF, aFGF, LPA, or PMA for 10 min (Fig. 3A) . Quantification of the PTP␣-Tyr789 phosphorylation in several such experiments revealed a significant increase in response to all factors except EGF (Fig. 3B) . The highest fold increase (1.98 Ϯ 0.30) was induced by IGF-I, followed by aFGF (1.83 Ϯ 0.31), LPA (1.40 Ϯ 0.07), and PMA (1.24 Ϯ 0.14). Thus, the tyrosine phosphorylation of PTP␣ can be upregulated in response to several extracellular signaling factors in a manner independent of Src, Yes, and Fyn.
IGF-I-induced PTP␣ Tyr789 phosphorylation is independent of other SFKs, phosphatidylinositol 3-kinase, and MAPK.
To ascertain whether other SFKs that may be expressed in the SYF cells might mediate IGF-I-induced PTP␣ phosphorylation, the cells were treated with the SFK inhibitor SU-6656 before IGF-I stimulation. At 2 M SU-6656, a concentration at which most SFKs are inhibited (2), IGF-I-induced PTP␣ phosphorylation occurred at a level comparable to that observed in the absence of SU-6656 (Fig. 4, A and B) . To confirm that SU-6656 was effectively inhibiting SFKs, wild-type MEFS were treated with this compound and PTP␣ Tyr789 phosphorylation was determined. The SU-6656 strongly inhibited basal PTP␣ phosphorylation that occurred in the absence of IGF-I (Fig. 4C) , similar to the low basal phosphorylation observed in SFK-deficient SYF cells. Stimulation of the SU-6656-treated MEFs with IGF-I induced an approximately twofold increase in PTP␣-Tyr789 phosphorylation (Fig. 4C ) that also was similar to that observed in IGF-I-stimulated SYF cells (Figs. 3B and 4B) but distinct from the minimal increase detected in IGF-I-stimulated MEFS in the absence of SU-6656 (Fig. 4C) . These results are consistent with SU-6656-mediated SFK inhibition. Inhibition of two key IGF-I-induced signaling pathways, those involving phosphatidylinositol (PI) 3-kinase/Akt or the ERK1/2 MAP kinases, did not affect IGF-I-induced PTP␣ Tyr789 phosphorylation (Fig. 4D) , indicating that PTP␣ phosphorylation occurs independently of or upstream of these pathways. This is consistent with the observation that, in wild-type MEFs, maximal PTP␣ phosphorylation is detected by 2 min after IGF-I stimulation when ERK1/2 activation is still minimal (Fig. 1A) .
PTP␣ associates with the IGF-I receptor. We considered the possibility that PTP␣ might be a substrate of the IGF-IR tyrosine kinase itself. As mentioned above, PTP␣ is very rapidly phosphorylated (within 2 min) following IGF-I stimulation. In addition, PTP␣ is a receptor-type transmembrane phosphatase that, like IGF-IR, is located on the plasma membrane. We thus investigated whether PTP␣ is potentially positioned as an IGF-IR substrate through its association with the IGF-IR. We found that endogenous PTP␣ coimmunoprecipitated with IGF-IR␤ from SYF cells (Fig. 5A, lane 1) , and that heterologously expressed PTP␣ was readily detectable in IGF-IR␤ immunoprecipitates from untreated and IGF-I-treated SYF cells transfected with VSVG-tagged PTP␣ (Fig. 5A, lanes 3  and 4) . While IGF-I stimulation of the cells induced phosphorylation of PTP␣ Tyr789, this did not affect the interaction of IGF-IR␤ and PTP␣ (Fig. 5A, lanes 3 and 4, and Fig. 5B, top) . Furthermore, the IGF-IR was not detectably dephosphorylated by PTP␣, because IGF-IR␤ tyrosine phosphorylation status in IGF-IR␤ immunoprecipitates (Fig. 5B, bottom two panels) and in IGF-I-stimulated cell lysates (Fig. 5C) was not altered by the expression of wild-type or inactive mutant PTP␣. The association of PTP␣ and IGF-IR␤ was confirmed by the detection of IGF-IR␤ in reciprocal immunoprecipitations of VSVG-tagged PTP␣ (Fig. 5D ). As observed above, the association was not dependent on IGF-I stimulation (Fig. 5D, lanes 4-7) , nor on PTP␣ catalytic activity (Fig. 5D, lanes 6 and 7) . PTP␣ Tyr789 is required for IGF-I-stimulated cell migration. To investigate whether IGF-I-induced phosphorylation of PTP␣ is required for any of the cellular effects of IGF-I, we examined IGF-I-stimulated cell migration. In Transwell migration assays, the migration of wild-type MEFs to the fibronectincoated underside of the membrane was increased by 30% in the presence of IGF-I (Fig. 6 ). As we have previously reported, the migration of MEFs lacking PTP␣ is impaired (32) . In these PTP␣ Ϫ/Ϫ cells, IGF-I was found to promote only a 17% increase in migration (Fig. 6 ). Thus about half of the IGF-I- dependent migration ability of the cells depends on the presence of PTP␣. The reintroduction of PTP␣ into the PTP␣-null MEFs by adenoviral infection almost fully restored the migration abilities of the cells in the presence and absence of IGF-I, with an observed 29% increase in IGF-I-stimulated migration (Fig. 6) . In contrast, the reintroduction of mutant PTP␣ lacking Tyr789 (PTP␣-Y789F) had no effect on basal or IGF-I-induced migration, with IGF-I-induced migration remaining only 18% greater than basal migration (Fig. 6) . This demonstrates that an intact Tyr789 phosphorylation site is essential for PTP␣-dependent IGF-I-stimulated cell migration.
DISCUSSION
Here we report that PTP␣ Tyr789 phosphorylation occurs in response to the growth factors IGF-I and aFGF, to the PKC activator PMA, and to LPA, an activator of G protein-coupled receptors. IGF-I and aFGF stimulated the highest increase in PTP␣ tyrosine phosphorylation (1.8-fold to 2.0-fold in SYF cells), whereas another receptor tyrosine kinase ligand, EGF, had a far less potent and nonstatistically significant effect. In contrast to EGF signaling, both IGF-I-and aFGF-induced signaling involve the receptor tyrosine kinase-catalyzed early phosphorylation of receptor-associated scaffolding proteins, the insulin receptor substrate (IRS) and FGF receptor substrate (FRS) proteins, respectively (11, 12, 25, 28) . Whether features of this signaling mechanism somehow favor PTP␣ phosphorylation is unclear. We show for the first time that PTP␣, like the IRS proteins, associates with the IGF-IR, and we propose that this may facilitate PTP␣ Tyr789 phosphorylation that might be catalyzed by ligand-activated IGF-IR. However, conversely, the IGF-IR does not appear to be a substrate for PTP␣, since IGF-IR phosphorylation is unaffected by the overexpression of wild-type or catalytically inactive PTP␣. Furthermore, the association of PTP␣ and the IGF-IR is independent of the catalytic activity of PTP␣, unlike many other PTP and phosphotyrosyl-receptor interactions that are only stable enough to be detected with catalytically inactive PTP mutants (3, 10) . The constitutive interaction of PTP␣ and the IGF-IR indicates that phosphorylation of either receptor is not required for their interaction. The structural features and specific regions of PTP␣ and IGF-IR that mediate their complexation require further investigation.
Phosphorylation of PTP␣ at Tyr789 is stimulated on integrin activation and occurs in a SFK-and FAK-dependent manner (7). Fibronectin-stimulated integrin activation does not support PTP␣ Tyr789 phosphorylation in serum-starved SYF cells lacking the SFKs Src, Yes, and Fyn nor in FAK Ϫ/Ϫ cells (7). In contrast, IGF-I-induced PTP␣ Tyr789 phosphorylation is readily observed in serum-starved SYF cells and in FAK-null cells, indicating that this is mediated by a different non-SFK/ FAK tyrosine kinase(s). The use of the SYF fibroblasts to investigate the requirements for PTP␣ phosphorylation also revealed that, under serum-starved and unstimulated conditions, the level of PTP␣ Tyr789 phosphorylation is much lower in these cells than in normal MEFs. This indicates that, while SFKs are not required for IGF-I-stimulated PTP␣ phosphorylation, one or more SFKs are indeed necessary to maintain basal PTP␣ Tyr789 phosphorylation. IGF-I-stimulated PTP␣ phosphorylation is also independent of PI 3-kinase and MEK activities. In view of the association of IGF-IR and PTP␣, the IGF-IR itself appears to be a candidate to be the responsible PTP␣ Tyr789 kinase. Hao et al. (13) have reported that PTP␣ is tyrosine phosphorylated in SYF cells maintained in medium supplemented with 10% serum. This likely represents PTP␣ phosphorylation that is induced by serum factors, in agreement with our finding that not only IGF-I but other factors such as aFGF, LPA, and PMA can stimulate PTP␣ tyrosine phosphorylation in SYF cells.
IGF-I signaling promotes the migration and invasion of many types of cells, including a wide variety of tumor cells (15) . We find that PTP␣ is involved in mediating the IGF-Iinduced migration of MEFs, because this is inhibited by ϳ50% in PTP␣-null MEFs. Furthermore, the PTP␣-dependent component of IGF-I-induced MEF migration requires PTP␣ with an intact Tyr789 phosphorylation site, because IGF-I-dependent migration was restored by reintroduction of wild-type but not mutant (Y789F) PTP␣. This indicates that IGF-I-stimulated SFK/FAK-independent phosphorylation of PTP␣ at Tyr789 is likely to play an important role in IGF-I-induced cell migration. Similarly, fibronectin/integrin-stimulated SFK/FAKdependent tyrosine phosphorylation of PTP␣ is required for integrin-induced cell migration (7) . In integrin signaling, phospho-Tyr789-PTP␣ functions downstream of activated phospho-FAK to mediate cytoskeletal rearrangement, focal adhesion formation, and migration (7). Interestingly, IGF-I induces the tyrosine phosphorylation of FAK and other focal adhesion proteins and promotes F-actin reorganization and migration, in a manner dependent on PI 3-kinase, mammalian target of rapamycin (mTOR)-regulatory-associated protein of mTOR (raptor), and S6 kinase 1 (6, 16, 17) . This and our present findings indicate that while diverse stimuli use distinct upstream signaling mechanisms to promote the phosphorylation of proteins such as FAK and PTP␣, once phosphorylated, these proteins may function in conserved downstream signaling events that are key to one or more facets of cell migration.
